the combined effects of nuisance inputs, in-stream transport and transformation. Both transport and transformation link upstream to downstream reaches-a phe-W hile society appreciates the ecosystem services nomenon that can formally be described by the spiraling of streams and rivers, we must also recognize that concept (Newbold et al., 1981) . Here the streambed human activity has severely diminished the integrity and exerts major controls on solute and particle transport, functionality of these ecosystems (Paul and Meyer, 2001;  and drives biogeochemical processes central to ecoMeyer and Wallace, 2001 ). Among the most dramatic ansystem functioning (Findlay et al., 1993; Battin et al., thropogenic impacts are channelization, diversion or 2003a; . Through additions of streambed sealing, along with increasing point and difradiolabeled natural seston (Minshall et al., 2000) or fuse sources of nutrients and contaminants. This has various surrogates such as spores (Wanner and Pusch, dramatic implications. First, headwaters, which are par-2000) , yeast (Paul and Hall, 2002) , or pollen (Georgian ticularly vulnerable to human alterations (Meyer and et al., 2003) , it has become clear that there is rapid and Wallace, 2001) can affect larger ecosystems such as rivers, continuous deposition of particles onto the streambed. estuaries, and even oceans through downstream linkage These studies show that once deposited, particles are of local biogeochemical processes (Alexander et al., either retained by mixing into the streambed (Packman 2000) . Second, stream and ground waters are now recoget al., 2000) , by microbial biofilms (Battin et al., 2003a) , nized as one single resource, and, depending on ecosysor are resuspended within a few days (Cushing et al., tem health, streams can be a source of contamination to 1993). Particles can fuel streambed metabolism (Findlay aquifers, or conversely, contaminated aquifers discharget al., 1993; Battin et al., 2003b) , change the sedimentary ing into streams can induce long-term contamination of flow environment, and induce clogging (Packman and surface waters (Alley et al., 2002) . MacKay, 2003) . Clogging can inhibit hydrodynamic exWastewater treatment plants (WWTP) have substanchange at the streambed interface, isolate deeper zones tially reduced emissions to surface waters (Grady et al., of the streambed from streamflow, which, in turn, can 1999), yet during malfunctioning or even regular operadegrade the habitat and reduce self-purification. In this study we investigated SDPOM transport in a baseflow. Specifically, we expected the stream reach be-buffer (pH 9.0) and stained with DTAF at a final concentration of 0.2 g L Ϫ1 for 2 h at 60ЊC (Sherr et al., 1987 Ϫ1 deionized water; pH ϭ 9.5], 1 g FITC). We conducted three short-term releases (duration 30 min) immediately downstream of the WWTP effluent with a peristaltic pump (Masterflex) into a well-mixed stream subreach. Before each release, water travel time and plateau conditions (i.e., steady state conditions) were determined from rhodamine injections. Plateau conditions of rhodamine and tracer particles must not be necessarily identical because of possible particle sedimentation in hydraulic dead zones. We countered this possible source of error by collecting triplicate samples for labeled SDPOM over 30 min during plateau conditions; samples were collected at eight sites downstream of the injec- retention and transformation capacity an important ecosystem service (Costanza et al., 1997) as it contributes SDPOM Travel Length and Deposition Velocity to self-purification.
Assuming that turbulence keeps fine particles well mixed throughout the water column of streams, the loss of particles
STUDY SITE
from the water column becomes analogous to the uptake of The study was conducted in a 660 m long reach of a fifthsolute tracer, specifically, the quantity of introduced particles order stream (Kleine Erlauf, Gresten; 47Њ59Ј N lat; 15Њ1Ј E remaining in suspension declines exponentially with distance long; Austria) draining a largely calcareous catchment (42 km 2 ) (Newbold et al., 1981) . Therefore, a first-order longitudinal with forest (58%), agriculture (38%), and settlements (6%) loss rate, k p , of injected SDPOM particles can be derived from as the major land-use categories (Fig. 1) . Average annual disthe following: charge is 250 L s Ϫ1 ; we conducted experiments at baseflow
that ranged from 70 to 90 L s Ϫ1 in summer 2003. Streambed sediments are typically composed of gravel (median grain size: where F (x) is the quantity remaining in suspension at distance 28.3 Ϯ 7.6 mm) with average benthic chlorophyll a of 81.4 Ϯ x from the point of introduction and F (0) is the quantity intro-40.6 mg m Ϫ2 . The stream channel is characterized by sequences duced. The average transport distance, S p , for a particle is of riffles and pools with a series of man-made cascades; chanexpressed by the following: nel width averages 5 m and slope 0.003.
The WWTP (Municipality of Gresten) has a capacity of 2420 population equivalents d Ϫ1 , and an average effluent of
The S p describes SDPOM deposition on the scale of the 6 L s Ϫ1 with SDPOM that increases background concentrations stream, whereas a related parameter, the deposition velocity, of natural particulate C by 56% on average. Dissolved nutrient v dep , quantifies deposition as a mass-transfer coefficient across concentrations of the effluent typically average 0.4 Ϯ 0.7 mg the water-sediment interface. The v dep is obtained from the fol-L Ϫ1 for NH 4 -N, 13.5 Ϯ 7.3 mg L Ϫ1 for NO 3 -N, and 0.8 Ϯ lowing: 0.9 mg L Ϫ1 for PO 4 -P, respectively.
MATERIALS AND METHODS
where u is mean water velocity and h is mean water column depth.
Particle Labeling and Experimental Additions
The fall velocity (v fall ) of the SDPOM is routinely measured by the WWTP staff, and averaged 0.66 Ϯ 0.03 mm s Ϫ1 (Krö sThe SDPOM was directly collected from the WWTP clarifier and fluorescently stained for experimental, whole-stream bacher, personal communication, 2004) . Based on the average particle travel length (S P ), we partiinjections. In a first injection (9 July 2003), we used 5-(4,6-dichlorotriazinyl) amino-fluorescein (DTAF) (Sigma-Aldtioned the study reach into a deposition, a downstream postdeposition, and a reference reach immediately upstream of rich) to stain total SDPOM biomass and exopolysaccharides. The SDPOM was resuspended in 4 L of 0.05 M NaH 2 PO 4 the WWTP.
have similar effects in all three study reaches, which makes
Hydrodynamic Exchange
their comparison reasonable. We installed a total of 120 nested minipiezometers (10-and 35-cm depth) over 20 sites (triplicates per depth) along the Streambed Oxygen Removal and SDPOM Retention study reach (Fig. 1) . In some sites, we also installed individual minipiezometers to a 50-cm depth. Minipiezometers were conThe DO fluxes through the streambed were estimated from structed from PVC tubing that was perforated near the bottom the EMMA residuals (mg O 2 L
Ϫ1
) and specific water fluxes with millimeter-sized holes and covered with 100-m mesh (m 3 m Ϫ2 h
) through the streambed-water interface (Battin Nitex fabric (Lee and Cherry, 1978) . We attempted to install et al., 2003b). The upwelling water flux from the streambed the minipiezometers evenly across each site, but in many cases into the streamwater was calculated as net flux of upwelling this was not possible because of bedrock outcrops. Nevertheand downwelling, and the subreach (i.e., reference, deposition, less, we managed to install replicate minipiezometers within and post-deposition) average was weighted for upwelling, downa distance typically ranging from 0.7 to 1.7 m.
welling, and no exchange. Dissolved oxygen was converted to Vertical hydraulic gradients (VHG), which indicate the hyunits of C, assuming a respiratory quotient of 1 (i.e., 1 g C ϭ drodynamic exchange between subsurface and surface waters, 2.67 g O 2 ). were measured using a hydraulic potentiomanometer attached On each of the three surveys, we collected duplicate samples to the minipiezometers (Winter et al., 1988) . The VHG was for natural seston into two 3-L polyethylene containers from calculated as follows:
the WWTP effluent, immediately upstream of the WWTP and from the lower end of the study reach (i.e., 480 m downstream
of the WWTP). Samples were filtered onto precombusted glassfiber filters (GF/F Whatman), ash-free-dry-mass (450ЊC, 5 h) where ⌬h is the hydraulic head between subsurface and surface of seston determined, and organic C derived assuming 50% waters, and ⌬z is the installation depth of the minipiezometer.
weight percentage. Seston retention was calculated from simThe VHG is dimensionless and positive values indicate upwellple mass balance using seston concentration and discharge ing (i.e., infiltration of subsurface water) and negative values from the stream and the WWTP effluent. downwelling (i.e., exfiltration of surface water). Sediment permeability (K ) was estimated in each minipiezometer and on
Statistical Analysis
each date in situ using the Hvorslev slug test (Hvorslev, 1951) . Water fluxes were computed according to the Darcy equation Differences in DO, conductivity, temperature, and EMMAas follows:
derived DO residuals between subreaches were tested with analysis of variance (ANOVA) and Mann-Whitney U-test.
Significant differences were determined at an error level of ␣ ϭ 0.05. All data are presented as the mean Ϯ SD. where v is the Darcy velocity equivalent to the water flux (volume per time) per unit area of streambed (Freeze and Cherry, 1979) .
RESULTS
We also collected water samples for the measurements of temperature, conductivity (WTW LF196), and dissolved oxy- date by solving the following:
SDPOM Transportation Behavior
Hydrodynamic Exchange where C is conductivity and subscripts refer to the end-mem-
The VHG and streambed permeability did not show bers (streamwater and 35-cm sediment layer) or the mixture of any consistent pattern between the three subreaches but end-members (10-cm sediment layer). Based on these relative exhibited considerable heterogeneity both within and befractions and on end-member DO concentrations, we then tween sites (Table 2 , Fig. 3 ). Upwelling accounted for 56%, predicted DO concentrations that would result in the 10-cm downwelling for 34%, and no exchange (i.e., VHG ϭ 0)
layer from the conservative mixing of streamwater and the for 10% of the piezometric measurements (N ϭ 328).
ground water (water from 35 cm). We acknowledge that this
Average subreach VHG at a 10-cm depth generally approach does not include exchange with atmospheric oxygen indicated downwelling (i.e., negative values), whereas or the hyporheic longitudinal flow putatively important in gravel streams. Nevertheless, we assume that these components upwelling clearly dominated in the 35-cm layer and de- 
Solute Patterns
Streamwater and porewater temperature closely followed the same spatial pattern with a continuous downstream decrease after the WWTP (Fig. 4) . By contrast, conductivity increased downstream, notably in the postdeposition subreach, and showed similar patterns in the streamwater and porewater. Average temperature and conductivity values did not show any noticeable depth gradients (Table 3 ). There was no apparent gradient from the 35-to the 50-cm depth minipiezometers. Dissolved oxygen exhibited steep depth gradients with con- 35-cm DO concentrations were significantly lower in the deposition than in the reference subreach, with concentrations as low as 2.6 Ϯ 1.4 mg L Ϫ1 in the 10-cm creased downstream (Table 2) (Fig. 4) . Ϫ0.40 Ϯ 0.17); they were more positive (0.04 Ϯ 0.10) again after prolonged baseflow on 2 Sept. 2003 (Fig. 3) .
End-Member Mixing Analysis
Streambed permeability ranged from 0.17 ϫ 10 Ϫ4 to 3.26 ϫ 10 Ϫ4 m s
Ϫ1
. Averaged values were slightly eleConsidering the direction of hydrodynamic exchange vated in the reference reach, yet because of large variaand the distribution patterns of both conductivity and tion associated with these numbers, no coherent spa-DO concentration, the 10-cm depth could be reasonably tial pattern emerged from our measurements ( Table 2) . assumed as the mixing product of deeper porewaters (i.e., Permeability did not show any clear temporal patterns 35 cm) and the streamwater. Using conductivity measure- (Fig. 3) .
ments and the mixing model equation, we found surface Streambed VHG and permeability values translate water to contribute 17 Ϯ 16% to the 10-cm porewater into a reach-scale average Darcy velocity of 0.59 m d Ϫ1 in the reference subreach, 22 Ϯ 30% in the deposition (weighted for upwelling, downwelling, and no exchange) and 23 Ϯ 34% in the post-deposition subreach. Plotting across all sites, depths, and dates. Average downwelling the EMMA derived predictions of DO concentrations Darcy velocity across the 10-cm plane was 0.65 m d Ϫ1 against the observed DO concentrations in the 10-cm and the upwelling Darcy velocity across the 35-cm plane porewaters provides first approximation of DO removal was 1.13 m d Ϫ1 . The large standard deviations precluded in the streambed with clear overestimates in the deposition subreach (Fig. 5) . Average residuals were significlear spatial patterns emerging from these data ( Table 2) . 
Streambed Oxygen Removal and SDPOM Retention
We estimated average DO removal rates within the superficial streambed from water fluxes as derived from subreach averaged Darcy velocities and DO EMMA residuals. Darcy velocities (Table 2 ) translate into net upwelling water fluxes of 480, 750, and 1030 L m Ϫ2 d Ϫ1 in the reference, deposition, and post-deposition reach, respectively. Multiplying this specific water flux with the DO residuals yields average rates of DO removal of 0.06, 0.75, and 0.36 g O 2 m Ϫ2 d Ϫ1 in the reference, deposition, and post-deposition reach, respectively. Assuming that this DO removal is attributable to heterotrophic respiration, this would correspond to 0.02, 0.28, and 0.13 g C m Ϫ2 d Ϫ1 in the respective subreaches.
The SDPOM load into the stream averaged 0.041 g C s Ϫ1 , whereas seston background load averaged 0.097 g C s Ϫ1 just upstream of the WWTP and 0.106 g C s Ϫ1 at the downstream end of the study reach. Thus, using simple mass balance, these numbers correspond to an average areal retention rate of 0.92 g C m Ϫ2 d Ϫ1 along the deposition and post-deposition subreaches (streambed surface area 3038 m 2 ). Assuming similar travel length (i.e., 178 m) for both natural seston and experimentally injected SDPOM, 63% of the total suspended load would be deposited within this deposition subreach based on the exponential models in Fig. 2 
DISCUSSION
Transport and transformation dynamics of organic particles are essential processes that link headwater streams to rivers and estuaries (Cushing et al., 1993; Minshall et al., 2000; Caraco and Cole, 2004) . To predict this metabolic link, it is important to understand the physical transportation and bioavailability characteristics of the particles under consideration. This link depends in fact on the number of deposition events, the length of time a particle resides on or in the streambed, and the bioreactivity of the deposition site itself (New- within a relatively short distance and to influence streambed oxygen environment. Contrary to our anticipation, SDPOM deposition did not induce any measurable inhi-nism that can cause large v dep -a relationship that may be particularly important for particles larger than 50 to 100 m ( Thomas et al., 2001) . Using a wide spectrum of different particles, Georgian et al. (2003) found in fact a relationship between size and the v dep /v fall ratio, and speculate that particle density and water temperature explain some of the observed scattering. While the size of SDPOM typically corresponds to FPOM (53-106 m) used by others (Cushing et al., 1993; Minshall et al., 2000; Thomas et al., 2001) , its physicochemical properties (e.g., density, adhesion affinity) certainly differ from those of natural FPOM. In fact, microbial extracellular polymeric substances, which constitute the bulk building block of SDPOM (Nielsen, 2002) , may enhance deposition through adhesion to streambed biofilms. These latter also produce adhesive polymers, and filamentous biofilm structures (streamers) are thought to filter particles from the streamwater (Battin et al., 2003a) . Therefore, we suggest that the surface property of particles is an important factor that influences settling and resuspension.
Our results relate to prolonged baseflow, which may narrow their relevance. However, we argue that baseflow is particularly sensitive to sewage effluent because of reduced dilution capacity of the recipient stream. Furthermore, previous work on stable isotopes clearly showed that most of the SDPOM deposits within a 600-m long reach (i.e., the deposition and post-deposition zones at baseflow) on an annual basis accounting for hydrograph variation (Singer et al., 2005) .
While it is recognized that proteinaceous N and C increase bioavailability of sewage particles (Lerch et al., 1992) , the effects of SDPOM on the resource pool and metabolism of headwater streams is unknown. Our results present evidence that SDPOM accumulated (supported by the gradient in benthic organic matter) within the major deposition zone significantly affects streambed metabolism at baseflow. In fact, as derived from EMMA and hydrometric estimates of specific water fluxes, we found 12 and 2 times higher respiratory C removal in the deposition subreach than in the reference and post-deposition subreaches, respectively. Assuming that the entire metabolism (i.e., 0.28 conservative approach considering that only 60% of the estimated metabolism (i.e., 0.17
) is supported by particulate C (Findlay et al., 1993 ; Battin bition of the hydrodynamic exchange at the streambedet al., 2003b) would yield 30% of the retained particles streamwater interface.
being metabolized at prolonged baseflow. These data The fall velocity and the v dep /v fall ratios of the SDPOM clearly underscore the efficiency of the streambed to are closely bracketed by published values from natural retain and metabolize particulate organic C that would fine particulate organic matter (FPOM; Minshall et al., otherwise be transported downstream. In fact, as re-2000; Thomas et al., 2001 ) and corn pollen (Georgian vealed by our experimental additions of SDPOM, the et al., 2003) . Theory suggests that the deposition of parpost-deposition subreach receives only approximately ticles from a mixed water column should be proportional 40% of the SDPOM at baseflow, and as suggested by the to the v fall of the particles (Cushing et al., 1993) . While elevated oxygen removal rates processes a substantial some empirical observations confirmed this, others did amount of this C. not (reviewed by Georgian et al., 2003) , and our data
We are aware that our budgetary estimates are prone show that SDPOM v dep is only 21% of v fall . Georgian et al. (2003) suggest that gravitational settling is one mechato variable sources of error, yet we need to stress that they represent first in situ estimates of SDPOM retenment (Mermillod-Blondin et al., 2003) . Second, due to its aggregation properties, accumulated SDPOM forms tion and metabolism in a stream. Uncertainties related to the hydrometric approach include inaccurate hydraua flocculent layer on the streambed, which on the one hand is prone to flood-induced disturbance and, on the lic head measurements and scaling-up from specific discharge measurements at the meter scale to reach averother, makes further penetration of particles into streambed interstices and hence clogging difficult. The SDPOM age fluxes (Harvey et al., 1996) . Similarly, multiple sources of errors may blur the EMMA results, and yet certainly subsidizes microbial heterotrophs, and it could be argued that microbial growth clogs interstitial spaces the approach can provide valuable estimates for streambed oxygen removal (Battin et al., 2003b) ; this should as it was postulated for a large-river impoundment (Battin and Sengschmidt 1999). Yet, sediment structure and be particularly true for our between-reach comparison assuming the same error in each reach. We solved this the dynamic nature (i.e., frequent storms) of headwater streams make this explanation rather unlikely. Third, possible methodological bottleneck by measuring vertical hydraulic gradients, sediment permeability, and porewe cannot exclude that the level of resolution of our field approach was simply too low to detect SDPOMwater chemistry in a large number of minipiezometers during each survey. Nevertheless, we found streambed induced variation in hydrodynamic exchange. Yet, we want to stress that findings from laboratory experiments oxygen removal rates reasonably close to those published from the Steina Creek (0.64 g C m Ϫ2 d
Ϫ1
; Pusch, need to be tested under field conditions, and that the hydrometric method as used in this study represents a 1996) and White Clay Creek (0.38 g C m Ϫ2 d Ϫ1 ; Battin et al., 2003b) . The lower estimates (0.02 g C m Ϫ2 d Ϫ1 ) very valuable step toward this ecosystem approach. While natural inputs of allochthonous organic matter in the reference subreach are most likely due to a thin topmost layer of the streambed that was nearly impervious and impeded hydrodynamic exchange.
Contrary to our initial expectations, we did not find any apparent effect of SDPOM deposition and accumulation on the hydrodynamic exchange at the streambed interface, yet our results document intriguing heterogeneity of vertical hydraulic gradients and sediment permeability. Laboratory flume experiments showed that kaolinite clay deposition in a sand bed clogged the streambed surface, isolated deeper zones of the bed from streamflow, and reduced particle deposition (Packman and MacKay, 2003) . Similarly, found sediment clogging to reduce the deposition velocity of natural seston and showed that removal of fines from the streambed increased seston deposition in streamside flumes.
Considering these experimental findings, we suggest several reasons why we did not find any effect of continuous SDPOM deposition on hydrodynamic exchange. First, stream invertebrates feed on SDPOM (DeBruyn et al., 2003) , which we found to almost double inverte- 
